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The low-temperature magnetic phase diagram of the multiferroic system FeTe2O5Br down to
300mK and up to 9T is presented. Short-range magnetic correlations within the crystal layers start
to develop already at ∼50K, i.e., far above TN1 ∼ 11.0K, where the system undergoes a magnetic
phase transition into the high-temperature incommensurate (HT-ICM) phase. Only 0.5K lower,
at TN2, the system undergoes a second phase transition into the low-temperature incommensurate
amplitude-modulated (LT-ICM) phase accompanied by a spontaneous electric polarization. When
the magnetic field is applied, the transition temperatures shift depending on the field orientation.
In the case of B||b and B > 4.5 T, the HT-ICM phase disappears along with the electric polarization
in the LT-ICM phase. The field dependence of the magnetic transition temperatures is explained in
the context of the magnetic susceptibility behavior. Similarities and differences between the novel
amplitude-modulated and well-established helicoidal magnetoelectrics are discussed.
PACS numbers: 75.25.+z, 75.80.+q
I. INTRODUCTION
A magnetically driven ferroelectric response1–5 has
been almost exclusively observed in incommensurate
(ICM) states with broken inversion symmetry, where
non-centrosymmetric lattice distortions and ferroelectric
order are induced through exchange-striction,6–9 inverse
Dzyaloshinskii-Moriya10 or spin current11 mechanisms.
Since complex ICM magnetic orderings without inversion
symmetry are often provoked by magnetic frustration, re-
sulting from competing exchange interactions on a lattice
of localized spins, low-dimensional systems with triangu-
lar geometries are considered as prominent candidates for
novel magnetoelectric materials.
One of the synthesis strategies that has proved to be
very successful in the search of such compounds, is to use
lone-pair cations and mix them with a transition metal
in the presence of halogen ions.12 This way it is very
likely that the number of the superexchange pathways
between the magnetic ions is reduced and a geometri-
cally frustrated low-dimensional structure is formed. On
the other hand, lone-pair electrons were also recognized
as carriers of the electric polarization in numerous ferro-
electric materials, such as for instance Bi3+ in BiMnO3.
13
In fact, it is generally accepted that since lone-pair elec-
trons are stereochemically active, they can be easily po-
larized. They are thus considered as a primary driving
force behind the off-center structural distortions essen-
tial for the formation of electric polarization in magnetic
materials. For these reasons, they seem to be convenient
candidates to induce both, magnetic frustration as well
as electric polarization, and may consequently lead to a
strong coupling between magnetic and electric orders.
This assumption has been proven correct by the dis-
covery of the magnetoelectric coupling in FeTe2O5Br,
14
which is an exemplary product of the above research di-
rectives. This system has a crystal structure that im-
plies both magnetic frustration and reduced dimension-
ality. It adopts a layered structure, where individual
layers consist of geometrically frustrated iron tetramer
units [Fe4O16]
20− coupled through the [Te4O10Br2]
6−
groups.15 The negative Curie-Weiss temperature θCW =
−98K, determined from susceptibility measurements,15
implies strong antiferromagnetic (AFM) interactions be-
tween the Fe3+ (S = 5/2) moments. The strongly sup-
pressed Ne´el temperature, TN ∼ 10K, suggests that
the exchange interactions are frustrated.15 Our recent
investigation14 revealed that at TN = 10.6(1)K the sys-
tem undergoes a transition into an ICM amplitude-
modulated magnetic structure [with magnetic wave vec-
tor k = (1/2 0.463 0)], which is accompanied by a spon-
taneous electric polarization, pointing perpendicular to
k and to the magnetic moments. The ferroelectricity
was ascribed to the polarization of the Te4+ lone-pair
electrons, while the magnetoelectric effect was argued to
be due to sliding of neighboring amplitude-modulated
waves, which induces the exchange-striction of the Fe-
O-Te-O-Fe intercluster exchange bridges.
We stress that although the novel ICM amplitude-
modulated structure in FeTe2O5Br differs from helical
and cycloidal magnetic orders typically found in other
2multiferroics with spin-order induced ferroelectricity, the
coupling mechanism is still described with two complex
magnetic order parameters. One of the fundamental
questions is whether this similarity leads also to a similar
phase diagram, i.e., how does the applied magnetic field
affect the ferroelectric properties, and vice versa, how the
electric field affects the magnetic properties of the sys-
tem with ICM amplitude-modulated magnetic structure.
A small value of the electric polarization, on one hand,
and sizable Fe3+ magnetic moments on the other, imply
that the magnetoelectric effect should be more easily in-
duced by applying the magnetic field than the electric
field. We therefore explored the magnetic phase diagram
and the influence of the applied magnetic field on the
magnetic and electric properties of the FeTe2O5Br sys-
tem. In particular, we were interested in seeing whether
the external magnetic field can suppress or even switch
the electric polarization. Our detailed study includes a
variety of complementary experimental techniques; i.e.,
specific heat, magnetic susceptibility, neutron diffraction,
dielectric and thermal expansion measurements were per-
formed down to 300mK and up to 9T.
In this paper we show that short-range magnetic cor-
relations within the crystal layers persist up to ∼50K,
while long-range magnetic ordering sets in at TN1 =
11.0(1)K, when the HT-ICM phase is established. At
TN2 = 10.5(1)K a second transition occurs and LT-ICM
phase accompanied by a spontaneous electric polariza-
tion emerges. In an external magnetic field the transi-
tion temperatures strongly depend on the field strength
as well as its orientation. In the case of B||b and B >
4.5T, the HT-ICM phase disappears along with the elec-
tric polarization in the LT-ICM phase.
II. EXPERIMENTAL
High quality single crystals of FeTe2O5Br were grown
by the standard chemical vapor phase method, reported
elsewhere.15
Specific heat measurements were performed in the tem-
perature range between 20K and 2K and applied mag-
netic fields between 0 to 9T. Zero-field measurements
in the temperature range between 15K and 0.3K were
performed using a closed-cycle He-3 cryostat. All mea-
surements were performed on the commercial Quantum
Design PPMS setup.
Magnetic susceptibility (χ =M/H) measurements be-
tween 300K and 2K in the applied magnetic field up to
5T were performed with Quantum Design MPMS XL-5
SQUID magnetometer using a closed-cycle cryostat.
Temperature dependence of the complex dielectric con-
stant, ǫ∗(T,B) = ǫ′(T,B) − iǫ′′(T,B) was measured as
a function of temperature and frequency ν by using an
HP4282A precision LCR meter. The dielectric constant
was scanned at few frequencies between 20Hz and 1MHz
on cooling or heating the sample with the typical cool-
ing/heating rates of 10K/h in the various dc bias electric
fields ranging from 0-3 kV/cm. The excitation electric ac
field of 100-400V/cm was applied along the a∗-, b- and c-
axes. The quasistatic polarization P was determined by
electrometer charge-accumulation measurements as de-
scribed in Refs. 16 and 17 in a field-cooling run. Here
the bias field of 10 kV/cm was used, which was several
times higher than the coercive field (∼1 kV/cm) in or-
der to obtain saturated spontaneous polarization. Zero-
field ac dielectric measurements and ac dielectric mea-
surements in the dc electric bias field were performed in
an Oxford continuous-flow liquid-helium cryostat. The
ac dielectric measurements in the dc magnetic fields up
to 5T were performed using the MPMS’s cryostat as well
as the MPMS’s temperature and magnetic field control.
Measurements of the magnetic reflections between 50K
and 1.5K under the applied magnetic field up to 6T
were performed on a 5×4×1mm3 single crystal using
the single crystal diffractometer TriCS (λ = 2.32 A˚), up-
graded with an Oxford superconducting magnet at the
Swiss Neutron Spallation Source, Paul Scherrer Institute,
Switzerland.
High-resolution thermal expansion measurements were
performed using a capacitive dilatometer18 capable of
resolving length changes ∆l ≥ 0.01 A˚. The data were
taken during warming up, by employing a sweep rate of
1.5K/h. The thermal expansion data were corrected for
the thermal expansion of the dilatometer cell.
III. RESULTS
A. Phase transitions for B||a∗
Although initial zero-field experiments on FeTe2O5Br
indicated a single magnetic transition at TN =
10.6K,14,15 specific heat, Cp, measurements for B||a
∗
(Fig. 1a) reveal that on cooling the FeTe2O5Br system
undergoes two consecutive transitions at TN1(B = 0) =
11.0(1)K and TN2(B = 0) = 10.5(1)K. The two transi-
tions are indicated by two anomalies. At B ≥ 3T they
are well separated and their shapes imply that the up-
per transition has a step-like nature, while the lower one
is a broadened λ-like transition. Two consecutive transi-
tions were similarly observed in the FeTe2O5Cl system,
15
where transitions are ∼1.5K apart already in zero-field.
In FeTe2O5Br, however, the transitions at 0T are sepa-
rated by only 0.5K and can be distinguished only from
the dCp/dT plot (inset of Fig. 1a), which is why they
were overlooked in previous studies.14,15 With increas-
ing magnetic field the upper anomaly, at TN1, moves to
higher, while the lower one, at TN2, shifts to lower tem-
peratures. The shifts are quite significant, i.e., at 9T
TN1 = 11.8(1)K and TN2 = 9.4(1)K.
To address the magnetic character of the observed
phases we performed temperature scans of the magnetic
susceptibility, χ(T ), at fixed magnetic fields of 0.1, 1, 2,
3, 4, and 5T (Fig. 1b). Only the anomaly at TN2 is ob-
served in χ(T ). With increasing field this anomaly shifts
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FIG. 1: (a) Temperature dependence of the specific heat and
(b) magnetic susceptibility in magnetic fields applied along
the a∗-axis. Dashed and doted lines indicate the position of
TN1 and TN2 at 0T and 5T, respectively. Data measured in
different fields have been shifted vertically for clarity.
to lower temperatures, reflecting the behavior of TN2 and
thereby suggesting that magnetic long-range order may
not exists above TN2.
To clarify the nature of the phase between TN1 and
TN2, a series of single-crystal neutron diffraction ex-
periments were performed. The detailed temperature-
dependence scans of several magnetic peaks at B = 0T
reveal that they emerge already at TN1 = 11.0(1)K,
19
while an anomaly in their intensities is found at TN2 =
10.5(1)K [see Fig. 2a - for clarity only the behavior of the
(0.5 0.463 -4) magnetic peak intensity is shown]. This
proves that long-range magnetic ordering indeed exists
in both low-temperature phases. On cooling, the sys-
tem first undergoes a transition from paramagnetic to a
HT magnetic phase at TN1, signified by the emergence
of the magnetic reflections. Approximately 0.5K lower
(at TN2), a LT magnetic phase, indicated by the inclina-
tion in the magnetic peak intensities, is stabilized. When
a magnetic field is applied, the temperature interval be-
tween TN1 and TN2 increases exactly as anticipated from
the specific heat measurements (Fig. 1a). The behavior
of the magnetic peak intensities in the HT and the LT
phases is obviously intrinsically different. The increase
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FIG. 2: (a) Temperature dependence of the (0.5 0.463 -4)
magnetic peak intensity measured at the magnetic fields 0 T
and 6T applied along the a∗-axis. Inset: temperature de-
pendence of the peak intensity on an expanded temperature
range. (b) Temperature dependence of the peak position with
respect to the k direction in reciprocal space. Inset: temper-
ature dependence below TN1 on an expanded temperature
range. Solid lines in (a) and inset to (b) represent fits to the
(TN − T )
β power law.
of the intensity with decreasing temperature in the HT
phase is surprisingly slow. The difference is even more
pronounced when looking at the magnetic peak position
(Fig. 2b), which appears to be temperature independent
[locked to k = 0.4665(3)] in the HT phase, while below
TN2 it gradually shifts to lower k values. For instance, the
(0.5 0.463 -4) magnetic peak shifts for 0.004(1) r.l.u. (in-
set of Fig. 2b). As k is incommensurate in both phases,
we name the phases as the HT incommensurate (HT-
ICM) and the LT incommensurate (LT-ICM) magnetic
phases. The intensities of the collected magnetic peaks
in the HT-ICM phase, however, are too weak for a suc-
cessful refinement, as expected for a very small ordered
component of the magnetic moment.
In order to investigate the dielectric nature of the two
phases as well as the electric response of the system to the
magnetic field B||a∗, the dielectric constant, ǫ, was mea-
sured (Fig. 3). Since the electric polarization was found
to be the largest along the c-axis,14 the measurements
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FIG. 3: Temperature dependence of the dielectric constant,
ǫ, measured for E||c and magnetic fields along the the a∗-axis
ranging between 0T and 5T. Data have been shifted vertically
for clarity.
were performed in the corresponding electric field ori-
entation (E||c). In contrast to the specific heat mea-
surements, ǫ exhibits only one anomaly, which in the
applied magnetic field precisely follows the behavior of
TN2. This clearly reveals that only the LT-ICM phase is
ferroelectric. Moreover, it implies that the symmetry of
the HT-ICM magnetic ordering probably prohibits ferro-
electricity, and hence differs from the LT-ICM amplitude-
modulated order explored in Ref. 14.
B. Phase transitions for B||c
Intrigued by the impact of B||a∗ on the phase transi-
tion temperatures, we continued our investigation by ex-
ploring the influence of a magnetic field applied along the
c-axis. We first measured the temperature dependence of
the specific heat in applied magnetic fields (Fig. 4a). For
this orientation of the sample, both transitions are very
well resolved already in zero-field. With increasing mag-
netic field, both transitions simultaneously shift to higher
temperatures, i.e. TN2 and TN1 shift from 10.5(1)K and
11.0(1)K at 0T, to 11.1(1)K and 11.5(1)K at 9T, re-
spectively, keeping the width of the HT-ICM tempera-
ture interval virtually unchanged.
To confirm these results, we performed magnetic sus-
ceptibility measurements (Fig. 4b). In contrast to the Cp
measurements, again only TN2 can be clearly observed as
a sharp increase of χ, while the anomaly at TN1 is less
pronounced. We note that both magnetic phases appre-
ciate the magnetic field applied along the c-axis, reflected
in the increase of the magnetic transition temperatures.
Finally, we measured the dielectric response in E||c
for B||c. In agreement with the observed behavior of Cp
and χ, the increasing magnetic field shifts the peak in ǫc
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FIG. 4: (a) Temperature dependence of the specific heat mea-
sured at several different magnetic fields applied along the c-
axis. (b) Temperature dependence of the magnetic suscepti-
bility for magnetic fields applied along the c-axis. (c) Temper-
ature dependence of the dielectric constant (E||c) measured
in magnetic fields applied along the c-axis. Data have been
shifted vertically for clarity.
to higher temperatures, implying that this orientation of
the magnetic field stimulates ferroelectric ordering. Ad-
ditionally, we stress that the height of the dielectric peak
is not affected, suggesting that the magnitude and the
orientation of the electric polarization are preserved.
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FIG. 5: (a) Derivative of the temperature dependence of
the magnetic susceptibility, dχ/dT , indicating two successive
magnetic transitions. Inset: χ(T ) measured at 0.1 T. (b) Tem-
perature dependence of the (0.5 0.463 -4) magnetic peak in-
tensity for a magnetic field along the b-axis. Inset: evolution
of the position (up) and intensity (down) of the peak at 3T
and 5T.
C. Phase transitions for B||b
Last we measured the response of the system to B||b.
Due to a specific plate-like shape of the crystals the
specific heat measurements were not possible for this
orientation. Magnetic transitions could not be clearly
distinguished from the magnetic susceptibility (inset to
Fig. 5a). We therefore show in Fig. 5a the derivatives of
the temperature dependence of the magnetic susceptibil-
ity measured in different fields. Apparently, TN1 low-
ers with increasing magnetic field, while the decrease of
TN2 is significantly less pronounced. Eventually, at ∼5T,
both transitions seem to overlap, suggesting that the HT-
ICM phase might have disappeared.
To obtain complementary information about the im-
pact of B||b on the magnetic properties of the system, we
performed neutron diffraction experiments also for this
crystal orientation. Detailed measurements in fields of
1.5, 3 and 5T (Fig. 5b) nicely corroborate the magnetic
susceptibility results. Actually, here the extinction of the
HT-ICM phase is even more evident. The HT-ICM tem-
10.3 10.4 10.5 10.6
   B || b
 5 T
 4.5 T
 4 T
 3.5 T
 3 T
 2 T
 1 T
 0 T
 'c
 'a*
 
' (
ar
b.
 u
ni
ts
)
T (K)
 
FIG. 6: Temperature dependence of the dielectric constant ǫ′
for E||c (solid squares) and E||a∗ (empty circles) measured
in magnetic fields applied along the b-axis. Data have been
shifted vertically for clarity.
perature interval, indicated by the extraordinary, almost
linear, temperature dependence of the magnetic peak in-
tensity, is reduced with increasing field up to 5T, where
no sign of the HT-ICM phase is left. On the other hand,
the temperature dependence of the magnetic peak inten-
sity and position below TN2 (insets to Fig. 5b) do not
show any noticeable change between 3T and 5T, imply-
ing that the LT-ICM phase has not changed.
The intriguing question is then what happens with the
electric polarization. In Fig. 6 we show the temperature
dependence of the dielectric constant for E||c, measured
in different magnetic fields B||b up to 5T. The peak in
the dielectric constant only marginally shifts up to ∼3T
(similarly to TN2 determined from χ). However, with fur-
ther increasing magnetic field, the peak starts to collapse.
It becomes very weak at 4T and completely disappears
at 4.5T. This can be either due to the suppression of the
c component of the electric polarization, Pc, or alterna-
tively due to the rotation of the spontaneous polarization
away from the c-axis. In order to distinguish between
the two possibilities, we measured the dielectric constant
also for E||a∗, while keeping B along b. Evidently, the
small a∗ component of the electric polarization14 results
in a similar anomaly as found for E||c, which again dis-
appears at ∼4.5T (Fig. 6). For E||b no anomaly in ǫ
has been found in the entire temperature range up to
5T (not shown here). This strongly suggests that the
macroscopic electric polarization actually disappears for
B > 4.5T. Obviously, B||b does not influence the electric
polarization and the long-range magnetic ordering in the
same way, as at 5T the first gets suppressed, while the
second does not (Fig. 6).
6D. Lattice distortion - thermal expansion
measurements
A particularly sensitive probe for studying phase tran-
sitions is provided by measurements of the uniaxial ther-
mal expansion coefficient, αi(T) = l
−1(∂l/∂T), where i
indicates the uniaxial direction. In fact, lattice effects
are naturally expected and observed at a ferroelectric
transition (see, e.g. , Ref. 20), as atomic displacements,
breaking the inversion symmetry, are prerequisite for fer-
roelectricity to occur.
In Figs. 7 and 8, we show the results of the uniaxial
thermal expansion coefficient along the i = b- and c-
axes, respectively, in αi/T vs. T plots. In zero field, αb
(Fig. 7) reveals two distinct phase transition anomalies at
11.0(1)K and 10.6(1)K, which coincide with the transi-
tion temperatures observed in the various other quanti-
ties at TN1 and TN2, respectively. A closer inspection of
the c-axis data αc (cf. inset of Fig. 7 and Fig. 8), where
both transitions can be separated more easily, discloses a
distinctly different character of the two transitions: while
the feature at TN1 is more step-like, reminiscent of a
mean-field transition, the one at TN2 has a distinct λ
shape, indicating substantial contributions from critical
fluctuations. The distinction of the two transitions is
similar as obsrved in Cp measurements. Upon applying
the magnetic field of 6T along the b-axis, αb changes
significantly in that there is only a single, large λ-like
transition left. Its character seems to suggest that it is
a continuation of the transition at TN2 - a conjecture
which is consistent with the evolution of the features at
TN1 and TN2 seen in magnetic susceptibility and neutron
diffraction measurements. Surprisingly, despite the large
lattice effects observed in field, there are no accompany-
ing signatures in the dielectric constant.
The results of the magnetic susceptibility for B||c are
consistent with thermal expansion data taken along the
c-axis for the same field orientation, shown in Fig. 8. The
phase transition anomalies in αc sit on top of a nega-
tive background contribution, which is assigned to short-
range magnetic correlations (see below). Owing to the
pronounced signatures at TN2 = 10.6(1)K in αc, as com-
pared to the small peak in αb (cf. Fig. 7), the distinct λ-
type character of this transition comes to the fore. The
preceding transition at TN1 = 11.0(1)K, by contrast, fea-
tures a step-like change, indicative of a more mean-field
type transition, cf. discussion above. In a magnetic field
of 6T, applied parallel to the c-axis, both transitions
keep their character and shift to higher temperatures by
about the same value ∼ 0.3K, in agreement with the Cp
measurements, shown in Fig. 4.
E. Short-range ordering effects
Before discussing the phase diagram, let us focus first
on the temperature interval between TN1 and the maxi-
mum in the magnetic susceptibility15 (TN < T < 5TN),
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where short-range magnetic correlations are expected to
play an important role. The short-range ordering ef-
fects have already been observed by µSR experiments21
and were found to be visible at least up to 20K. Our
present investigation is based on the neutron diffraction
measurements. Within the spherical approximation22,23
the magnetic correlation length, ξi, can be determined
from the Lorentzian width of the magnetic reflections as
ξi = xi/(π δfwhmi). Here δfwhmi is the magnetic peak
width at half maximum given in reciprocal lattice units
7(r.l.u.) and xi is the i-th unit cell parameter also given
in r.l.u. In our experiment, we measured the tempera-
ture dependence of selected magnetic reflections (Fig. 9).
The data were collected in h-scan and k-scan modes in
order to obtain information about the correlations be-
tween as well as within the crystal layers. Focusing
first on the interlayer correlations, one needs to compare
the estimated correlation length along a∗, ξa∗ , (obtained
from an h-scan) with the shortest interlayer Fe-Fe dis-
tances, ∼10 A˚.15 This would give us an idea about how
far above TN1 the neighboring layers are correlated. Ap-
parently, magnetic correlations start to shorten already
in the HT-ICM phase, where ξa∗ reduces from ∼200 A˚ at
TN2 to ∼30 A˚ at TN1 (Fig. 9b). ξa∗ is further reduced
with increasing temperature and 0.3K above TN1 ξa∗ ∼
12 A˚, i.e., almost the same as the interlayer Fe-Fe dis-
tances. On further heating, the magnetic peaks become
very broad and indistinguishable from the background
scattering. Hence, we assume that the magnetic correla-
tions between the crystal layers are suppressed very soon
(< 1K) above TN1.
This implies that the remaining short-range ordering
effects, anticipated from the magnetic susceptibility be-
havior and observed by µSR,21 should originate from the
correlations within the crystal layers. Such ”in-plane”
correlations can be estimated from the temperature de-
pendence of the magnetic peak width determined from
the k- and l-scans (insets to Figs. 9c and d). In Fig. 9d, we
show the temperature dependence of the estimated mag-
netic correlation length along the b-axis, ξb, which is just
above TN1 (at 11K) still ∼20 A˚. Comparing this value
to the minimal Fe-Fe inter-tetramer distance 4.76 A˚, we
realize that there are still strong correlations among Fe
tetramers within the layers. In spite of the obvious re-
duction of the correlation length above TN1, we are able
to follow the magnetic peaks up to ∼50K.
To estimate also the correlations along the c-axis, the
l-scan of the (0.5 1.537 0) magnetic peak at 11K was
performed (inset to Figs. 9d). The obtained width at half
maximum is ∼0.35 r.l.u., resulting in a calculated correla-
tion length ξc ∼ 13 A˚. Comparison of this value with ξb ∼
20 A˚ also determined at 11K, implies that even though
the closest Fe-Fe distances along b and c are almost iden-
tical, i.e., ∼4.76 A˚, the magnetic correlations are stronger
along the b-axis. Finally we stress that the magnetic field
of 5T applied along the a∗-axis is not strong enough to
have an impact on the magnetic correlations, (insets to
Figs. 9c and d) which is, considering the strong magnetic
interactions (∼10K), actually anticipated.
The short-range ordering effects manifest themselves
also in the coefficient of thermal expansion. In Fig. 10
we show the results of all three uniaxial expansion coef-
ficients over an extended temperature range. The data
reveal broad anomalies at low temperatures in the in-
plane expansion coefficients αc and αb. Upon cooling αc
becomes negative below about 50K and passes through a
broad minimum near 20K. At about the same tempera-
ture, αb adopts a shallow maximum. Rounded anomalies
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FIG. 9: (a) Temperature dependences of the (3.5 0.463 0)
and the (0.5 0.533 1) magnetic peak intensities measured in
the h-scan mode and (b) the magnetic correlation length ξ
along the a∗-axis determined from the magnetic peak width
at half maximum, as described in the text. (c) Temperature
dependence of the (0.5 1.463 0) magnetic peak intensity mea-
sured in the k-scan mode and (d) the corresponding magnetic
correlation length ξ along b. Insets: (c) k- and (d) l-scans of
the (0.5 1.537 0) magnetic peak measured at 11K (just above
TN1) at 0T and at 5T with B||a
∗.
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FIG. 10: Uniaxial thermal expansion coefficients αi measured
along the in-plane b- and c-axis as well as along the out-of
plane a∗-axis.
of this type in the temperature dependence of α, which
can have either a positive or a negative sign, depending
on the pressure dependence of the corresponding charac-
teristic energy, are well-known from short-range magnetic
ordering effects.24 Since there is no clear corresponding
signature in the out-of-plane αa∗ data around 20K (cf.
Fig. 10), the present results are consistent with the in-
plane short-range magnetic ordering setting in around
50K.
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FIG. 11: Color online: Magnetic phase diagram of the
FeTe2O5Br system. Phase transition temperatures as deter-
mined from neutron diffraction (blue circles), dielectric con-
stant (black squares), magnetic susceptibility (blue triangles),
specific heat (red squares), and thermal expansion (green tri-
angles) measurements.
IV. DISCUSSION AND CONCLUSIONS
The prime result of this investigation - a detailed mag-
netic/electric phase diagram of the FeTe2O5Br multifer-
roic - is shown in Fig. 11. The main features can be sum-
marized as follows:
1.) Below TN2, the system is in an incommensurate
amplitude-modulated phase (LT-ICM), where electric
polarization along the c-axis is present. This phase was
already described in detail in Ref. 14. With increas-
ing temperature, at T = TN2 the system undergoes a
phase transition into the HT-ICM phase, where elec-
tric polarization is lost, while the magnetic order is still
incommensurate. With further increasing the tempera-
ture, the system undergoes a second phase transition at
T = TN1, which drives the system into the paramagnetic
state. Short-range magnetic correlations within the crys-
tal layers persist up to ∼50K. By applying an external
magnetic field the transition temperatures as well as the
phases themselves are significantly altered.
2.) For B||a∗, TN1 increases, whereas TN2 decreases
with increasing field, implying that B||a∗ promotes the
HT-ICM phase, while the LT-ICM and the establishment
of the electric polarization are being disfavored.
3.) For B||b, TN2 seems to be almost unaffected, while
TN1 slowly decreases, which leads to the extinction of
the HT-ICM phase at Bc ∼ 4.5T. Surprisingly, for fields
larger than Bc, the electric polarization is also lost - in the
entire temperature range, even in the LT-ICM phase. In
spite of that, we have not been able to trace any changes
in the LT-ICM magnetic ordering.
4.) For B||c, both magnetic transition temperatures
shift in parallel towards higher temperatures with in-
creasing magnetic field, indicating that this orientation
of the magnetic field is appreciated by the HT-ICM as
well as the LT-ICM phases.
Let us now discuss the derived phase diagram and
its relevance for the magnetoelectric properties of
FeTe2O5Br. We first focus on the HT-ICM phase. In the
magnetic field of 6T applied along the a∗-axis, the tem-
perature interval of the HT-ICM phase is broad enough
to firmly state that the magnetic peak intensity I in the
HT-ICM phase has a fundamentally different tempera-
ture dependence compared to the LT-ICM phase. Typ-
ically, the magnetic peak intensity I is assumed to be
proportional to the square of the magnetic moment,29
hence its temperature dependence is often described as
I ∼ |T − TN |
2β . Assuming this simple phenomenological
model, we obtain β ∼ 0.27(1) for the LT-ICM phase and
β ∼ 0.34(2) for the HT-ICM (fits are shown as solid lines
in Fig. 2a). The magnetic peak intensity in the HT-ICM
phase seems to be almost proportional to the tempera-
ture. A smaller critical exponent β below TN2 as com-
pared to that below TN1, indicative of enhanced criti-
cal fluctuations at TN2, is consistent with the behavior
found in the thermal expansion and specific heat mea-
surements. A comparison of the obtained β’s to the crit-
ical exponent values known for some typical universality
classes27,28,34,35 implies that the HT-ICM phase should
be characterized as three-dimensional planar (3D XY) or
Ising model, while the LT-ICM phase rather corresponds
to the two-dimensional planar (2D XY) class. Such a
behavior is counterintuitive, as one would expect exactly
the opposite ordering sequence. In fact, the temperature
dependence of ξa∗ (Fig. 9b) indicates that in the HT-ICM
phase magnetic correlations between the crystal layers
have a finite value, implying a more 2D nature of the
phase. At the moment, this puzzle remains to be clari-
fied. We point out though that the obtained β’s should be
taken with care, giving only approximate values, which
may deviate from the correct values for the critical ex-
ponent. Namely, the exact expression for I depends also
on the phase shift and orientation of the magnetic mo-
ments, which might exhibit different temperature depen-
dent behavior compared to their magnitudes. Therefore
a detailed knowledge about the temperature dependent
sliding of the amplitude-modulated waves is required too.
9Nevertheless, significantly different β’s in the HT-ICM
and LT-ICM phases imply that the two magnetic orders,
although being both incommensurate, are intrinsically
different. Most likely this is the key to understanding
the absence of the ferroelectricity in the HT-ICM phase.
Similar to the magnetic peak intensity, the magnetic
peak positions in the LT-ICM phase also exhibits critical
behavior, i.e., it can be described with the |T −TN |
γ law,
where γ ∼0.35(1). On the other hand, the magnetic peak
position in the HT-ICM phase is temperature indepen-
dent and seems to be locked at k = 0.4665(3) (Fig. 2).
Since the shift of the magnetic peak as well as the elec-
tric polarization are both observed only in the LT-ICM
phase, we suspect that they are somehow correlated. It is
possible that the shift of the magnetic peak indicates the
changes of the magnetic structure, which are essential for
the development of the electric polarization and are very
likely associated with the inversion symmetry breaking
at TN2.
Next we focus on the field dependence of the ob-
served magnetic transition temperatures, which can be
explained by considering the Zeeman energy term in the
free energy, −χH2. This term implies that in the ex-
ternal magnetic field the state with higher χ is favored.
Thus, in the case of a negative (positive) slope of χ(T )
over the magnetic transition, an increase (decrease) of the
transition temperature with increasing magnetic field is
anticipated. A close inspection of χ(T ) in the vicinity of
the magnetic transitions supports the above argument:
when B||c, χ increases with decreasing temperature over
both transitions (Fig. 4b), which is reflected in the in-
crease of TN1 as well as TN2 with field; for B||b, χ is
decreasing during cooling (inset of Fig. 5a), in agreement
with the reduction of both transition temperatures; fi-
nally, for B||a∗, χ(T ) at TN1 is almost completely flat
while it drops below TN2 (Fig. 1b), which corroborates
the decrease of TN2, but does not say much about the
behavior of TN1.
Comparison of the explored phase diagram to those
found in cycloidal and helical multiferroics with strong
magnetoelectric coupling1,3–5,26 reveals that they share
a common feature. They all exhibit at least two con-
secutive magnetic transitions, where only the second one
is accompanied with the emergence of electric polariza-
tion. This reflects the invariance of the free energy un-
der time reversal, which demands that the lowest magne-
toelectric coupling term in multiferroics is trilinear, in-
volving at least two magnetic order parameters. How-
ever, in contrast to cycloidal and helical structures, where
both magnetic order parameters are typically associated
with different components of sublattice magnetizations,
in FeTe2O5Br it seems that one of the magnetic order
parameters is proportional to the amplitude of the mod-
ulation waves, while the second one is related to the phase
difference between them.14 An additional difference is in
the field dependence of the first magnetic transition (at
TN1), which for B||a
∗ and B||c shifts to higher temper-
atures (Fig. 11), in contrast to the usual behavior,30–33
where the transition from the paramagnetic to the ICM
phase is unfavored by the external magnetic field and
thus shifts to lower temperatures.
The apparent differences between FeTe2O5Br from cy-
cloidal or helical systems may be responsible for the in-
triguing response to B||b, when at ∼4.5T the electric
polarization in the LT-ICM disappears in parallel with
the loss of the HT-ICM phase, even though magnetic
susceptibility and neutron diffraction experiments do not
indicate a drastic change of the magnetic structure in the
LT-ICM phase. This unusual behavior can be explained
by several different scenarios: (i) the magnetic structure
of the LT-ICM phase changes above 4.5T, but the change
is below our sensitivity, (ii) the applied magnetic field
narrows the energy gap and allows the low-energy exci-
tations, e.g., phasons, to suppress the long-range ferro-
electric ordering, (iii) ferroelectric domains are saturated
by the external magnetic field, and consequently dimin-
ish the peak in the dielectric constant, (iv) the loss of the
HT-ICM phase is accompanied with an induced disorder
of the ferroelectric state. Further experiments are clearly
needed to clarify this important issue.
Finally, we note that pronounced short-range order-
ing effects, which indicate low-dimensional magnetic or-
dering, do not promote the ferroelectricity and raise the
multiferroic state as suggested in Ref. 1. This is most
likely due to the fact that magnetoelectric coupling is
conditioned by the loss of inversion symmetry, which is
broken only after long-range inversion asymmetric mag-
netic ordering is established.
To summarize, we have investigated the effect of an
applied magnetic field on the magnetoelectric properties
of the multiferroic FeTe2O5Br system, i.e., the detailed
magnetic phase diagram for magnetic fields applied along
all three crystal axes. The first sign of the short-range
magnetic correlations within the crystal layers appears
already at ∼50K. At TN1 ∼ 11.0(1)K the system un-
dergoes a magnetic phase transition into the incommen-
surate HT-ICM phase and 0.5K lower, at TN2, the sys-
tem undergoes a second phase transition into the incom-
mensurate amplitude-modulated LT-ICM phase accom-
panied by the spontaneous electric polarization.14 The
complex sequence of transitions is similar to many cy-
cloidal and helical structures.1,3–5,26 When a magnetic
field is applied, the transition temperatures shift, i.e.,
for B||a∗, TN1 increases and TN2 decreases, whereas for
B||c, both magnetic transition temperatures shift in par-
allel towards higher temperatures. In case of B||b and
B > 4.5T, the HT-ICM phase disappears along with
the electric polarization otherwise present in the LT-ICM
phase. The discovery of the system’s ability to turn-off
the electric polarization when the external magnetic field
of ∼4.5T is applied along the incommensurate direction
is certainly the most prominent discovery in this system.
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